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Results are presented on the development of reversible sorbents for the combined carbon 
dioxide, moisture, and trace-contaminant (TC) removal for use in Extravehicular Activities 
(EVAs), and more specifically in the Primary Life Support System (PLSS). The currently 
available life support systems use separate units for carbon dioxide, trace contaminants, and 
moisture control, and the long-term objective is to replace the above three modules with a 
single one. Data on sorption and desorption of ammonia, which is a major TC of concern, 
are presented in this paper. The current TC-control technology involves the use of a packed 
bed of acid-impregnated granular charcoal, which is non-regenerable, and the carbon-based 
sorbent under development in this project can be regenerated by exposure to vacuum at 
room temperature. In this study, several carbon sorbents were fabricated and tested for 
ammonia sorption. Ammonia-sorption capacity was related to carbon pore structure 
characteristics, and the temperature of oxidative carbon-surface treatment was optimized 
for enhanced ammonia-sorption performance. 
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w = pore width, nm 

AV 2 = pore volume in the pore -width range 0.9-2. 2 nm, em^/g 

AVs = pore volume in the pore -width range 2. 2-5.0 nm, emVg 

I. Introduction 

T he NASA objeetive of expanding the human experienee into outer spaee requires the development of 
regenerable life support systems. This study addresses the development of regenerable earbon sorbents for 
traee-eontaminant (TC) removal for the spaee suit used in Extravehieular Aetivities (EVAs); this paper does not 
address the design of an aetual air-revitalization system. Currently, a bed of granular aetivated earbon is used for TC 
eontrol, the main traee eontaminant of interest being ammonia. The earbon is impregnated with phosphorie aeid to 
enhanee ammonia sorption, but this also makes regeneration diffieult, if not impossible. Temperatures as high as 200 
°C have been shown to be required for only partial desorption of ammonia on time seales of 18-140 hours \ whieh 
makes regeneration impraetieal. Thus, the aetivated earbon has been treated as an expendable resouree and the 
sorbent bed has been oversized in order to last throughout the entire mission [23 kg earbon for eabin-air 
revitalization and about 1 lb (0.454 kg) for the spaee suit]. Another important eonsideration is pressure drop. 
Granular sorbent offers signifieant resistanee to gas flow, whieh is assoeiated with a high demand for fan power. 
Thus, there is a great need for an effeetive TC sorbent that eould be regenerated by short exposure to vaeuum at low 
temperatures (under 80 °C for less than 1 hour). A monolithie strueture (e.g., a honeyeomb), or a sorbent in the form 
of open-porosity foam, is also desired to reduee pressure drop, and eonsequently fan-power eonsumption. 

The eurrent state of the art and historieal approaehes to traee-eontaminant removal in the primary life support 
system (PLSS), often referred to as the spaee suit baekpaek, were reviewed by Paul and Jennings^ Aetivated earbon 
(ehareoal) was identified as a preferred sorbent for the traee eontaminant eontrol system (TCCS) applieation in 
terms of effeetiveness, simplieity, and maturity of this teehnologieal solution. Carbon regeneration, however, has 
always been problematie, mainly beeause all earbons used to date were impregnated with phosphorie aeid or other 
aeidie eompounds. This results in a virtually irreversible ehemieal reaetion with ammonia and salt formation, whieh 
greatly eomplieates regeneration. Even though some TCs ean be removed from aeid-impregnated earbons, this is 
typieally assoeiated with a tremendous reduetion in adsorption eapaeity after regeneration. It has been widely 
believed that unimpregnated earbon does not adsorb ammonia (see, for example. Ref 2-4), and that ehemisorption 
is the only option to bind ammonia to the earbon surfaee. We believe this is true only for earbons with a fairly wide 
distribution of pore sizes, i.e. for almost all eommereial earbons. If the pore size eould be optimized, however, in 
sueh a way so that almost all pores have the right size for ammonia physisorption, it is our belief that no ehemieal 
impregnation would be neeessary to effeet ammonia sorption. Furthermore, physisorbed ammonia should be easier 
to desorb using vaeuum regeneration as no ehemieal bonds would have to be broken. To ensure high ammonia- 
sorption eapaeity of a earbon adsorbent, the predominant pore sizes should be in the range elose to moleeular 
dimensions of the adsorptive (ammonia) so that the van der Waals interaetions are strong. This argument narrows 
down the ehoiee of preferred sorbents to earbon moleeular sieves (CMS), sueh as earbons derived from 
polyvinylidene ehloride (PVDC) or polyfurfuryl aleohol. A unique feature of CMS materials is a narrow pore-size 
distribution, with almost all pores residing in the mieropore region (pores smaller than 2 nm)^. We are unaware of 
any systematie studies that address the effeet of earbon pore strueture on ammonia sorption and the regeneration 
performanee of traee-eontaminant sorbents. 

We believe that a non-optimal sorbent strueture, both internal (broad pore-size distribution) and external 
(intrapartiele heat transfer limitations), eombined with ehemieal impregnation, has led to extremely long sorbent 
regeneration time seales on the order of 5-140 hours depending on temperature (130-200 °C)^ In this study, we 
examine the use of PVDC-derived granular earbon and earbon-foam struetures for reversible ammonia 
sorption/desorption as a funetion of pore strueture and earbon pre-treatment. The main foeus of the projeet is 
vaeuum regeneration, but rapid resistive heating to moderately low temperatures (up to 80 °C) should also be 
eonsidered as an optional feature that eould aeeelerate the vaeuum regeneration proeess. Sueh regeneration eould be 
performed, for example, on board spaeeeraft after an extravehieular aetivity (EVA) has been eompleted. The time 
seale assoeiated with a single EVA is not expeeted to exeeed eight hours, whieh defines sorbent-performanee 
requirements. 

We believe that good TC-sorption eapaeity ean be aeeomplished through the eombination of a partieularly 
favorable pore strueture for optimum physieal adsorption (physisorption) of TCs and earbon-surfaee eonditioning 
that enhanees adsorption without adversely affeeting vaeuum regeneration. Sueh enhaneement of ammonia-sorption 
eapaeity by thermal oxidation of the earbon surfaee was reported previously^’^. The avoidanee of aeid impregnation 
of earbon further helps the eause of adsorption reversibility. Finally, the issue of pressure drop and fan-power 
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requirement is addressed through the use of a thin carbon sorbent layer deposited on vitreous carbon foam structure 
with fairly open porosity (30-80 pores per inch, ppi). 

The objectives of this work are: (1) to examine the relationship between ammonia- sorption capacity and carbon 
pore-structure characteristics; and (2) to optimize the temperature at which carbon- surface conditioning is 
implemented. 

The innovations explored in the approach advocated in this study are: (1) vacuum (or vacuum/thermal) 
regenerable operation, in contrast to the currently used bed of expendable sorbent; (2) TC removal based on 
reversible physisorption on high-purity carbon rather than on irreversible chemisorption on activated carbon 
impregnated with acidic compounds; (3) a carbon monolith/foam sorbent, in contrast to the currently used bed of 
granular charcoal; (4) carbon surface conditioning (oxidation) to enhance TC sorption without adversely affecting 
sorbent regeneration; (5) low pressure drop; (6) carbon pore structure tailored for optimal vacuum/thermal 
regeneration; (7) the possibility of resistive heating of the carbon monolith/foam for rapid regeneration; and (8) good 
resistance to dusty environments. 


II. Materials and Experimental Techniques 


A. Granular Carbon 

More than 30 samples of granular PVDC carbon were tested for ammonia sorption using the experimental set-up 
described in section II. E. Eight granular sorbents (A through H) were obtained from a collaborator, and other carbon 
sorbents were prepared in-house. All sorbents used in this study were obtained by carbonization of PVDC. The 
samples prepared in-house were produced from two different PVDC precursors, each of them procured from a 
different source: Allied Signal, currently Honeywell, and Goodfellow. All granular carbon samples were ground and 
sieved to the +45/-20 mesh size (mean particle diameter ~ 0.549 mm) prior to ammonia- sorption analysis. 

B. Carbon Sorbent Supported on Vitreous Carbon Foam 

A number of carbon sorbents supported on vitreous carbon foam were prepared using the dry powder coating 
technique described in references [6,7]. The support structure employed in this work was Duocel® foam 
manufactured by ERG Aerospace Corporation. This foam is described as an open-cell, porous structure consisting of 
an interconnected network of solid “struts,” the porosity of which is determined by the number of pores per inch 
(ppi). 80 ppi foam was used in this work. 

C. Carbon-Surface Treatment by Oxidation in Air 

As described below, and also in references [6,7], surface conditioning of the PVDC carbon via thermal oxidation 
at modest temperatures had a dramatic effect on ammonia adsorption. For experiments performed in this study, 
PVDC-carbon samples were oxidized in ambient air at temperatures ranging from 200 °C to 400 °C for 24 hours. 
At 200 °C, none of the samples showed any measurable weight loss after oxidation. At higher temperatures, 
however, some weight loss was observed due to carbon gasification. 

D. Carbon Characterization 

A fully automated gas-sorption system Quantachrome ASiQwin was used for collecting and processing nitrogen- 
isotherm data for carbon sorbents prepared in-house. Pore-structure characterization for other sorbents was provided 
by the supplier. Prior to adsorption-isotherm measurements, each sample was outgassed under vacuum at 300 ‘'C for 
at least 3 hours. Nitrogen-adsorption isotherms were then determined at 77 K, and these data were used to perform 
the following analyses: (a) BET surface area; (b) pore volume; (c) Dubinin-Radushkevich (D-R) micropore surface 
area and micropore volume; and (d) pore-size distribution of micropores using the Density Functional Theory 
(DFT). 

E. Experimental Set-up and Procedures for Sorbent Testing 

Figure 1 shows a schematic of the testing system used in this study. The system makes it possible to measure the 
adsorption capacity of carbon sorbents in the presence of all gases of interest: carbon dioxide (CO2), ammonia 
(NH3), formaldehyde (CH2O), oxygen (O2), nitrogen (N2), and water vapor (H2O), although only NH3, CO2, O2, and 
N2 were present in the tests performed in this part of the project. The apparatus incorporates a Fourier transform 
infrared (FTIR) spectrometer-based On-Eine Technologies model 2010 Multi-Gas Analyzer (MGA) for 
quantification of infrared-active gas species, including ammonia. Using mass-flow controllers, the initial gas 
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mixtures are blended to aehieve the desired gas coneentration, whieh are: ~20 ppm ammonia, ~1.0 vol% earbon 
dioxide, 29.3 vol% oxygen, and balance nitrogen. For humidifying the gas stream, the nitrogen stream is re-routed 
through a water bubbler, but the measurements reported here were performed using dry gas. It was shown in a 
previous study^ that the presence of moisture in the gas stream enhanced ammonia sorption by PVDC carbon 
sorbents. During sorbent testing, the final mixture is first directed through a sample bypass line, to establish the 
baseline gas concentration and flow rate. It is then re-directed through the sample “cell” for sorbent adsorption 
testing. The sample cell consists of a quartz or glass tube that contains the sorbent. It is mounted in a vertical 
orientation, with the gas inlet at the top of the cell so that gas flow is in a downward direction. For tests involving 
granular sorbents, a 5.6 mm inner diameter tube is used, whereas a tube having an inner diameter of 22 mm is used 
for testing sorbents supported on vitreous foam. In either case, the carbon sample is supported inside the tube with 
ceramic wool on both ends. The typical bed heights for the small and large diameter tubes are 10 mm and 12.5 mm, 
respectively. At a gas flow rate of 1.2 L/min, the above tube bed geometries correspond to a gas residence time 
within the bed of 0.012 s and 0.238 s for the small and large beds, respectively. 



Figure 1. A schematic representation of the sorption testing apparatus; MFCl^ MFC2^ MFC3^ and MFC4 are 
mass-flow controllers. 

For experiments involving sorbent regeneration in vacuum, the sample cell was removed from the test stand and 
installed in a high- vacuum chamber pumped by a turbomolecular pump (base vacuum of ~10'^ Torr). After the 
vacuum regeneration, the sample cell was re-installed on the test stand and the ammonia adsorption was measured 
again to determine the regenerated capacity. 

III. Results and Discussion 


A. Carbon Characterization 

PVDC carbon is known to be extremely microporous, i.e. having most of its porosity associated with pore widths 
smaller than 2 nm; the BET surface area of such carbon is usually close to 1000 m^/g^’^’^. Nitrogen-adsorption 
isotherms determined in this study were found to be of Type I according to the classification of Brunauer, Deming, 
Deming, and Teller (BDDT)^^, which is indeed characteristic of microporous materials^. An example of such an 
isotherm is shown in Figure 2 for carbon E, and changes in the isotherm shape caused by carbon-surface oxidation at 
temperatures in the range 200-350 °C can also be seen in Figure 2. The slope of the initially flat isotherm becomes 
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more pronounced for oxidized samples. Since some weight loss upon oxidation was observed, as shown in Table 1, 
it is fair to conclude that the changes in the isotherm shape are due to carbon gasification in air. Pore- structure 
characteristics derived from adsorption isotherms, such as BET surface area, D-R micropore volume, and D-R 
adsorption energy are presented in Table 1. Referring to Figure 2, it is interesting to note that although the amount of 
nitrogen adsorbed on carbon E initially increases with oxidation temperature, i.e. with the degree of gasification, or 
surface activation, the most severely oxidized carbon exhibits weaker nitrogen adsorption. This is most likely due to 
pore enlargement and the associated weakening of the van der Waals interactions within the pore structure. This 
interpretation is supported by the decrease in the D-R adsorption energy, which reflects the weakening of ammonia- 
carbon interactions in larger pores. 



Relative Pressure, P/P 

’ 0 

Figure 2. Nitrogen-adsorption isotherms determined at 77 K for carbon and for carbon E oxidized in air 
for 24 hours at different temperatures. The number following a hyphen in carbon designation indicates 
oxidation temperature in degrees Celsius. 

The BET surface area of PVDC carbons was found to be generally in the range of 909-1811 m^/g, which is in 
agreement with literature data^. Carbon H, which has a nitrogen BET surface area of 721 m^/g, is an exception, 
presumably due to the small micropores that proved to be too difficult to access for nitrogen at 77 K. In any case, the 
BET surface area is not believed to be a meaningful characteristic of microporous materials. Gregg and Sing point 
out that "the very concept of the surface area of a microporous solid is of doubtful validity, and that whilst it is 
possible to obtain an estimate of the total micropore volume from a Type I isotherm, only the crudest guesses can be 
made as to the pore size distribution ^ ^ 
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Table 1. A list of granular-carbon/carbon-foam sorbents used in this study and their ammonia-sorption 
capacities. BET S,A, is BET surface area, D-R refers to the Dubinin-Radushkevich analysis, A V 2 and A V 3 are 
volumes of pores in pore-size ranges 0.9-2.2 nm and 2.2-5.0 nm, respectively. The number following a hyphen 
in sample ID refers to the temperature of carbon-surface oxidation (°C), and R followed by a numeral in 
sample ID indicates sorbent regeneration time (hours) prior to ammonia-sorption measurement. Carbon- 
characterization data have been derived from nitrogen-adsorption isotherms at 77 K, and A Vj and A V 2 data 
are based on the Density Functional Theory (DFT) analysis. All ammonia-sorption capacities are related to 
PVDC-carbon weight, excluding the weight of vitreous foam, if used. 


Sample ID 

Precursor 

(Geometry) 

BET 

S.A. 

(m"/g) 

D-R 

Micropore 

Volume* 

(cmVg) 

AV2 

(cmVg) 

AV3 

(cmVg) 

D-R 

Adsorption 

Energy* 

(kJ/mol) 

Loss on 
Oxidation 

(wt%) 

Adsorption 

Capacity 

(mgNHs/g) 

A 

NA (granular) 

1016 

0.413 



29.1 


0.3 

A-300 

NA (granular) 






6.4 

4.1 

B 

NA (granular) 

933 

0.375 



31.3 


0.25 

B-300 

NA (granular) 






3.4 

3.3 

C 

NA (granular) 

979 

0.394 



30.2 


0.16 

C-300 

NA (granular) 






3.1 

3.3 

D 

NA (granular) 

1811 

0.752 



21.2 


0.22 

D-300 

NA (granular) 






4 

1.1 

E 

NA (granular) 

1031 

0.394 

0.061 

0.047 

30.4 


0.3 

E-200 

NA (granular) 

909 

0.336 

0.049 

0.232 

29.0 

0 

0.53 

E-300 

NA (granular) 

1167 

0.433 

0.084 

0.236 

28.2 

6.3 

5.8 

E-350 

NA (granular) 

922 

0.321 

0.168 

0.159 

21.7 

34.8 

19.3 

E-400 

NA (granular) 






83 

11.8 

F 

NA (granular) 

1024 

0.414 



28.8 


0.2 

F-300 

NA (granular) 






2 

1.9 

G 

NA (granular) 

1148 

0.426 

0.045 

0.268 

31.5 


1.1 

G-200 

NA (granular) 






0 

2.74 

G-300 

NA (granular) 

1397 

0.516 

0.203 

0.250 

22.6 

32.3 

14.8 

G-300-R6 

NA (granular) 






32.3 

4.8 

H 

NA (granular) 

721 

0.294 



28.9 


0.047 

H-200 

NA (granular) 






0 

0.058 

012815 

Honeywell (granular) 

1124 

0.425 

0.047 

0.180 

32.4 


0.42 

012815-300 

Honeywell (granular) 

1400 

0.508 

0.173 

0.218 

25.3 

13.3 

13.2 

012815-300-R6 

Honeywell (granular) 






13.3 

5 

020415 

Honeywell (granular) 







0.64 

020415-300 

Honeywell (granular) 






18.6 

15.5 

021115A-300 

Honeywell (foam) 






14 

19.7 


Honeywell (foam) 







11.1 

021115B 

Honeywell (foam) 







0.36 

021115B-350 

Honeywell (foam) 






52.7 

34.6 

021115B-350-R6 

Honeywell (foam) 






52.7 

16.4 

021115B-350-R12 

Honeywell (foam) 






52.7 

18.5 

021115B-350-R1.5 

Honeywell (foam) 






52.7 

14.1 

021115B-350-R0.25 

Honeywell (foam) 






52.7 

7.6 

021115C 

Honeywell (foam) 








021115D-300 

Goodfellow (foam) 






0 

8.8 

021115E 

Goodfellow (foam) 







0.26 

021115E-350 

Goodfellow (foam) 






27.4 

20.4 

021115E-350-R6 

Goodfellow (foam) 
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Ammonasorb 

NA (granular) 







23.7 

Ammonasorb-R6 

NA (granular) 







6.88 


For samples A, B, C, D, E, F, G, and H, the Dubinin- Astakhov (D-A) analysis was used instead of the Dubinin-Radushkevieh (D-R) analysis, 


and the mean value of the exponent was 1.78 ± 0.06 (at a 95% confidence level). 


In spite of the diffieulties noted above, pore-size distributions obtained using the Density Funetional Theory 
were found to reveal a eonsistent pattern for the PVDC earbons used in this work. A typieal DFT pore-size 
distribution is shown in Figure 3, where three distinet pore-size regions ean be identified: (1) pores smaller than 0.9 
nm, where quantifieation is diffieult due to experimental limitations assoeiated with eharaeterizing pores with sizes 
elose to moleeular dimensions at low values of P/Pq; (2) pores with sizes in the range of 0.9-2. 2 nm, where two 

6 

International Conferenee on Environmental Systems 




distinct or somewhat overlapping peaks are observed; and (3) pores with sizes in the range of small mesopores: 2.2- 
5.0 nm. Pore volumes assoeiated with pore-size regions (2) and (3) are denoted AV2 and AV3, respeetively, and they 
are ineluded in Table 1 together with other pore-stmeture eharaeteristies. 



Pore Width, w (nm) 


Figure 3. The DFT pore-size distribution for carbon E-200. 


B. Ammonia Sorption and Sorbent Regeneration 

A number of PVDC-earbon sorbents were tested for ammonia adsorption and desorption. Table 1 summarizes 
details related to sample identity and preparation eonditions, e.g., surfaee oxidation temperature. The table also 
provides ammonia-sorption eapaeity measured for eaeh sample. In addition to PVDC-earbon samples, Table 1 
ineludes results for Ammonasorb II, the aetivated earbon impregnated with phosphorie aeid, whieh is eurrently used 
for TC control by NASA. Several earbon sorbents were subjeeted to adsorption-regeneration eyeles, and ammonia- 
sorption eapaeities after sorbent vaeuum regeneration are also reported in Table 1. 

In general, ammonia-sorption data ean be presented in terms of either breakthrough eurves, whieh are plots of 
ammonia eoneentration at the adsorber outlet as a funetion of time, or as sorption-capaeity eurves, whieh are 
integrals of breakthrough eurves. Although the information ineluded in both types of eurves is equivalent, most 
literature ammonia- sorption data have been reported in terms of sorption-capaeity eurves (e.g., see Ref. 3, 4, and 6), 
and the same convention is followed in this paper. 

The Effect of Surface Oxidation and Vacuum Regeneration -A few typieal ammonia sorption eapaeity curves are 
shown in Figure 4, and they illustrate the tremendous enhaneement of ammonia sorption eaused by the oxidative 
earbon- surfaee treatment by exposure to air. This effeet was the subjeet of a previous publication^, as well as the 
question of ammonia sorption reversibility, i.e. sorbent regeneration by exposure to vaeuum. The data obtained in 
this study show the improved PVDC-sorbent performanee to the point of matehing, and in one ease even greatly 
exeeeding, the sorption eapaeity of Ammonasorb, as shown in Table 1. Furthermore, the loss of sorption eapaeity 
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following the first regeneration eyele is smaller in the ease of PVDC earbons (~53%) as eompared with the 71% loss 
of sorption eapaeity for Ammonasorb. 
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Figure 4. Ammonia sorption capacity curves for sorbent E prior and after surface oxidation by exposure to 
air at temperatures indicated (in degrees Celsius) after the hyphen in sample designation in the legend. The 
inset shows sorption-capacity curves at early stages of ammonia sorption. 

The Relationship Between Ammonia-Sorption Capacity and Pore-Structure Characteristics - This relationship is 
difficult to capture and quantitatively describe in view of the challenges associated with the meaningful 
characterization of microporous carbons, as discussed in section IILA. An attempt to relate sorption capacity to pore 
structure of carbon E is shown in Figure 5. It can be seen that ammonia- sorption capacity does not correlate very 
well with any of the parameters derived from nitrogen adsorption isotherm data, except for AV 2 , the volume of pores 
in the range 0.9-2. 2 nm. 

In view of the above result, it is hypothesized that pores with dimensions between 0.9 nm and 2.2 nm are large 
enough to provide easy access for ammonia molecules into the microporous structure of sorbent, at the same time 
being sufficiently small to ensure that the strong van der Waals forces facilitate large adsorption capacity. The 
kinetic diameter of ammonia molecules can be calculated using the Stockmayer potential. This molecular size was 
reported to be 0.26 nm in one literature reference^^, and 0.326 nm in another^^. In either case, the molecular 
dimensions seem consistent with good adsorption capacity in pores having the width of 0.9-2. 2 nm. 

If further experiments confirm the above correlation between ammonia-sorption capacity and pore volume in the 
pore-size range of 0.9-2. 2 nm, the DFT calculations may prove quite useful in predicting sorbent performance on 
the basis of standard nitrogen adsorption isotherm data. 
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Figure 5. Ammonia-sorption capacity versus pore- 
structure characteristics: (a) BET surface area; 

(b) D-R micropore volume; (c) D-R adsorption 
energy; (d) DV 2 - volume of pores 0.9-2.2 nm; 
and (e) DV 3 - volume of pores 2.2-5.0 nm. 
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Oxidation Temperature Optimization - Data shown in Figure 6 indicate that the optimum oxidation temperature 
for sample E is close to 350 °C as ammonia- sorption capacity drops at 400 °C, and this is also associated with an 
83% carbon loss due to gasification (see Table 1). 



Figure 6. Ammonia-sorption capacity versus oxidative surface treatment temperature for sorbent 


IV. Conclusions 

More than 30 PVDC-carbon sorbents were fabricated and tested for ammonia sorption in a fixed-bed adsorber. 
Effective carbon surface conditioning via oxidation was found to strongly enhance ammonia sorption without 
impairing sorbent regeneration, which confirmed results from a previous study^. Ammonia-adsorption capacity of 
PVDC-based sorbents was found to match, and in one case even exceed, the sorption capacity of Ammonasorb II, a 
phosphoric-acid impregnated activated carbon. Ammonia sorption was related to pore-structure characteristics 
derived from nitrogen adsorption isotherm data, and it was found to correlate with the volume of pores having sizes 
in the range 0. 9-2.2 nm. The temperature of carbon oxidative treatment was varied between 200 °C and 400 °C, and 
the optimum was found close to 350 °C. 
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